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a b s t r a c t
The performance of cold-formed steel (CFS) strap-bracedwalls is evaluated by experimental tests on full-
scale 2.4 m× 2.4 m specimens, and techniques to improve their behavior are presented. Different strap
arrangements have been introduced, and their performance investigated by means of cyclic loading of a
total of twenty full-scalewalls. Several factors affecting the performance of cold-formed steel frame shear
wall have been considered for each arrangement. This paper presents the failure modes of each system
and the main factors contributing to the ductile response of the CFS walls to ensure that the diagonal
straps yield and respond plastically with a significant drift and without any risk of brittle failure, such
as connection failure or stud failure. Discussion of the advantages and disadvantages of including the
non-structural gypsum board on lateral performance of the walls is also presented.
Crown Copyright© 2008 Published by Elsevier Ltd. All rights reserved.
1. Introduction
There has been a steady growth in the use of cold-formed
steel frames in the residential construction market in Australia
in the last two decades. The advantages of cold-formed steel,
such as being dimensionally stable, non-combustible, termite and
borer proof, durable, lightweight and 100% recyclable, are probably
important reasons for this increase in use, as is the increased public
awareness and the efforts of supporting organizations such as
the National Association of Steel-framed Housing Inc. (NASH). In
addition to being a medium for providing information about steel
framing to the public, NASH has taken significant steps towards
developing more elaborate national standards on cold-formed
steel framing.
NASH issued ‘Structural Performance Requirements for Domes-
tic Steel Framing’ in 1991. This provided the first documented guid-
ance in Australia on the structural design of a steel-framed house
(in both Allowable Working Stress and Limit States Design). This
document was converted into the Australian Standard ‘AS 3623-
1993 Domestic Metal Framing’. In 2005, NASH prepared a com-
pletely new standard known as ‘NASH Standard Residential and
Low-rise Steel Framing Part 1: Design Criteria’, which is referenced
in the Building Code of Australia (BCA) and has recently released a
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draft of the NASH Handbook on Low-rise Steel Framing for pub-
lic review. Despite significant efforts by NASH, Australian guide-
lines are far from complete, particularly when it comes to bracing
requirements in earthquake-prone regions. As Australian compa-
nies are trying to enter potential markets outside Australia, it has
become even more important that these guidelines be developed,
since many of these markets are located in earthquake-prone re-
gions.
The current research is a starting point in that direction, aiming
to experimentally evaluate the cyclic load response of steel braces
currently used in Australia and to suggest possible alternative
improved methods. In what follows, a review of some of the more
notable codes is presented, followed by a review of past studies
in this area. Then the current testing program and its results
are presented together with suggestions for improving the strap-
bracing systems.
2. Code provisions
Although CFS walls are not new and have been used as non-
structural partitions for many decades [2], their application as
main structural load-bearing components of frames is fairly new.
As a result, the standards that cover appropriate detailing of these
systems are yet to be perfected. Some of the more important code
provisions are reviewed below.
2.1. NEHRP (FEMA 450)
American NEHRP recommendation (FEMA 450) [1] specifies
that the connection for diagonal bracing members and boundary
0141-0296/$ – see front matter Crown Copyright© 2008 Published by Elsevier Ltd. All rights reserved.
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members (chord members) shall have a design strength equal to
or greater than the nominal tensile strength of the strap-bracing
members orΩ0 times the design seismic force, in whichΩ0 is the
over-strength factor defined by the code, while the strap shall be
designed like a normal tensile member with strength reduction
factors of 0.9 and 0.75 for yielding on gross cross-sectional area
and failure on net area of cross-section, respectively. The pull-out
resistance of screws shall not be used to resist seismic load because
it doesn’t allow the straps to develop their full tensile capacity
which is vital for the system’s ductile performance in high seismic
events. Also diagonal brace and stud or chord supporting brace
force shall be anchored such that bottom and top tracks are not
required to resist uplift forces by bending of the track or track web.
Both flanges of studs shall be braced to prevent lateral torsional
buckling. In a light-frame wall with diagonal braces meeting all of
the above-mentioned requirements, the code defines a Response
Reduction factor (R factor) and an Over-Strength factor (Ω0) of 4
and 2, respectively. If these conditions are not met, NEHRP (FEMA
450) recommends values of R = Ω0 = 3 to be used.
The code limits the story drift ratio to 2.5%, 2.0% and 1.5% for
seismic use groups I, II and III, respectively, for structures lower
or equal to four stories. Because the CFS wall system investigated
in the current study uses very thin light-gauge cold-formed steel
and usually is appropriate for building less than five stories, the
mentioned drift limits are appropriate. For structures higher than
four stories, 0.5% shall be subtracted from these values in each
seismic use group.
2.2. TI 809-07
Among existing codes and standards, the US Army Corp of
Engineers has published TI 809-07 [2] which provides more
stringent guidelines and which is primarily based on FEMA 302 [4]
(although with some modification in the design load considering
over-strength in straps). The strap arrangement should be such
that the tracks do not resist any uplift load by bending and the
studs’ flanges shall be supported to prevent overall buckling. Shear
panels shall be adequately anchored at their top and bottom to
a floor diaphragm. Furthermore, to tie two lateral load resisting
systems together, walls in orthogonal direction shall be anchored
to the same floor diaphragm. The chordswhich support the vertical
component of strap load shall be selected from single closed
(tubing) section or built-up CFS section oriented to form a closed
cross-section by means of intermittent welds.
Design procedure is as follows. First, diagonal straps are sized
to resist the total horizontal loads (strength of the cladding is not
considered) at each floor level by its yielding capacity, i.e. the
horizontal component of design strength of diagonal straps shall
be greater than or equal to the total shear load, calculated from
loading codes such as ASCE 7 for design earthquake level load
(two-thirds of maximum considered earthquake). The strength
reduction factor on the nominal yielding strength to achieve
design shear strength is defined as 0.95. In the next stage, other
parameters of the panel such as the size of shear panel chords,
connection for diagonal strap-to-column and columns-to-anchors
and shear panel anchorage, and connectors, shall be designed to
have adequate strength in order to account for the effect of strap
material over-strength expressed in terms of the ultimate stress
of the strap material. The code defines the maximum estimated
ultimate force developed in the diagonal strap (Psu) as the actual
design gross section area of the strap, multiplied by maximum
estimated ultimate stress in diagonal straps (Fsumax)which is equal
to 1.5 Fsu and 1.25 Fsu for steel grade 33 (Fsu = 310 MPA) and 50
(Fsu = 448 MPA) respectively, where Fsu is the ultimate stress of
the strap. This load is equivalent to the special seismic load (design
seismic load multiplied by diagonal strap material over-strength
factor, Ω0) as defined in ASCE 7 [3]. This maximum estimated
ultimate force in the diagonal strap, Psu, can be used for the design
of the other parameters. For example, chord shall be designed to
support the vertical component of Psu along with that portion of
gravity loads applied to the tributary area of the member. Also, the
number of required screws for diagonal strap-to-stud connection
shall be selected so as to resist the Psu force. However, rupture
failure in strap-to-frame connectionmust be checked against yield
strength of strapmember load, while the shear and tensile rupture
strength are based on the ultimate strength of the member in the
joint being evaluated. The pull-out resistance of screws shall not
be used to resist seismic forces.
Because the tracks are veryweak in bending, simply connecting
chord to track alone in strap-connection location induces bending
in the track (due to uplift) and deteriorates chord-to-track
connection. Therefore, anchors consisting of angle sections should
bewelded to both sides of the chords at both top and bottom of the
chords to provide the required panel anchorage. This requirement
is very important, and such a failure is reported in many studies
due to incompetent strap-to-support load path (anchorage of
chords members) [16,18].
The code limits allowable story drift to 2.0%, 1.5% and 1.0% for
seismic use group I, II and III, respectively, but stipulates that to
ensure brittle failures do not occur near allowable deflection of the
wall, full-scale wall testing should continue to a story drift ratio at
least 10 times the lateral yield displacement. TI 809-07 devotes the
same R factor as FEMA 450 when all the requirements are met.
2.3. ASCE 7 and AISI
ASCE 7 [3] refers to AISI standards [5–9] for lateral design.
While the design and construction of cold-formed steel structures
shall comply with North American Specification for the Design
of Cold-Formed Steel Structural Members [5] and Standard for
cold-formed steel framing—General provisions [6], seismic design
regulations have been stipulated in the Standard for cold-formed
steel framing-lateral design [7] (known as lateral design standard)
along with some design guidelines for various special shear wall
types and strap bracing [8,9].
The lateral design standard uses the same methodology as
FEMA 450 [1], i.e. the strap is designed like a normal tensile
member with strength reduction factors for strap yielding and
fracture in strap-to-CFS wall connection equal to 0.9 and 0.75
respectively. The code does not impose any special rule other than
specifications [5] and general provisions [6] for strap-bracingwalls
when the response modification factor is considered nomore than
3 in design. However, for a response modification factor greater
than 3, it requires that the strap-to-CFS connection shall possess
a strength not less than the minimum of the nominal tensile
strength of the member or the amplified seismic load. Moreover,
chords or other vertical boundary members and anchorages shall
also possess a nominal strength adequate for resisting amplified
seismic loads, but that need not be greater than the load the system
can deliver. Overall buckling of the studs shall be prevented by
lateral bracing of both flanges.
However, the choice between R ≤ 3 with no special
requirements, or taking the advantages of R > 3 along with
implementation of mentioned detailing, exists only in seismic
design categories A to C. In seismic design categories D to F, the
option of using R not greater than 3 is not permitted and the
designermust use special seismic requirementswith R higher than
3 to ensure the system responds properly in large seismic events
by localizing the damage (inelastic behavior) in the lateral element
itself.
Again, the pull-out resistance of the screws shall not be used to
resist seismic forces, and the chords shall be anchored such that
the bottom track is not required to resist uplift by bending of the
track web.
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2.4. UBC 97 and IBC 2000
UBC 97 [10] and IBC [11] restrict the use of CFSwall stud system
to stud and tracks with thicknesses between 0.84 and 1.10 mm,
respectively. According to this code, aminimumof two studs back-
to-back at the chord member is needed and the aspect ratio of the
wall system shall not exceed 2:1 (in IBC, maximum aspect ratio
of 4:1 is acceptable for some special applications). Moreover, studs
shall be aminimum41mm (flange) by 89mm (web)with a 9.5mm
return lip, while minimum dimensions for tracks are 32 mm and
89 mm for flange and web, respectively. Again, bending in track
and overall buckling in stud and pull-out in strap connection are
prohibited. Also, connection of the diagonal bracing member and
boundary members shall be designed to develop the full tensile
strength of the member orΩ0 times the prescribed seismic forces.
UBC 97 specifies R andΩ0 factors equal to 2.8 and 2.2 respectively,
and limits the allowable lateral inter-story drift to 2.5%.
2.5. AS/NZS 4600
Although the earthquake loading standard of Australia/New
Zealand (AS/NZ 1170.4) [12] does not cover cold-formed steel
structures, the Australian cold-formed steel structures standard
(AS/NZS 4600-05) [13] requires that when cold-formed steel
members are used as the primary seismic lateral load-bearing
system, the selected response modification factor shall not be
greater than 2.
Common to all of the above-mentioned codes is the fact that
the distribution of lateral design seismic forces shall take into
account the effect of torsional moment resulting from difference
between the mass and the stiffness center of lateral force resisting
frames in both principal orthogonal directions including the effect
of accidental torsion [1–4]. Also, all codes require pre-tensioning
of cross braces when strap or tension-only brace member (with,
naturally, no limit on slenderness ratio), is used.
3. Past studies
Although in recent years there have been many studies on CFS
wall studs with diagonal straps, research on the performance of
seismically designedwalls has been fairly limited. Adhamet al. [15]
provided5 cyclic loading tests of a 2.44mby2.44mCFS shear panel
with back-to-back double studs at ends which were sheathed with
diagonal straps and gypsum board. Two hold-downs, one at each
end, were bolted to the testing rig at the base to prevent specimens
from horizontal slide or uplift at the toes. Straps were connected to
CFS frame by over-designed gusset plates to ensure that no failure
in the connectionwould occur. The diagonal straps were identified
as being the most important components and the focus of the
study was mostly on the effect of different strap sizes. Most walls
were constructed from 16 mm gypsum board on both sides along
with one X-strap on one side. Each specimen was simultaneously
subjected to a constant vertical load and a cyclic lateral load. Most
walls reached yield at about 0.6% of lateral inter-story drift. In
specimenswith strong strap bracing, local buckling combinedwith
crushing in the top chords and the tracks attached to them were
observed at lateral drift ratios larger than 0.8%; however, no failure
was observed at the strap-to-frame connections (gusset plates).
Tests revealed that with an increase in the strap area, the load
capacity of the panel increases and its deflection reduces. Also, it
was seen that with buckling in the top corner of the stud, the load
resistance capacity reduced significantly. However, by preventing
buckling and connection failure at the design stage, the system can
be effective in the dissipation of energy, especially in the first cycle
of each displacement amplitude. The maximum lateral inter-story
drifts measured in this study were less than 1.2% (except for one
test with a 1.4% drift) which are much less than the lateral drift
permitted by design codes.
Fulop and Dubina [16] tested three double-sided X-strap-
braced wall panels with an aspect ratio of 1.5 (3.6 m length by
2.44 m height) under monotonic and cyclic loading. Similar to the
previous study, the chord member was made of a double stud,
and care was exercised to avoid strap-to-frame connection failure
in order to facilitate yielding of the strap. Although corners were
further restrained using a U profile in the track to provide more
capacity and rigidity, damage was concentrated entirely in the
lower corners of the panels. Some sign of connection elongation
and redistribution of load to the second and third studs was also
observed. Despite large elongations in the straps, the results of
this research may not truly reflect the ductility capacity of strap-
braced walls because failure at the corners increases the lateral
deformation caused by yield elongation of straps. The hysteresis
curves show the maximum lateral load resistance capacity is at a
lateral drift ratio of about 1%, after which a continuous but stable
reduction occurs in the total shear resistance reflecting the local
failures at the bottom corners.
Kim et al. [17] performed a shaker table test on a full-scale
two-story one-bay CFS shear panel structure. Each story consisted
of two identical shear walls of 2.8 m length and 3.0 m height
separated from each other by 3.9 m center to center. The two
chords were constructed from three C-sections forming a two-
cell closed section, and columns were welded to steel anchors and
bolted to the slab through top and bottom tracks. A heavy square
RC slab of 4.4×4.4m2 by 200mm thickness along with additional
mass were placed at the top of each floor level, which made the
total mass at each floor level equal to 256 kN. As the second story
frame was identical to the first story, the damage occurred mostly
in the first story as expected. Connections and anchors to the base
beam were designed for maximum over-strength of straps, based
on TI 809-07 [2] code; however, no pre-tensioning was applied
to the tension-only straps in spite of explicit recommendation in
the code. The system was completely symmetrical and the centers
of mass and stiffness were located at the same point and parallel
to shear walls of the structure, to preclude torsional and out-of-
plane responses. The structure then was loaded to a normalized
accelerogram which possessed spectral response acceleration
equal to the design response spectrum around the fundamental
period of the test specimen. The test caused significant yielding
in the form of severe non-linear behavior in the first floor straps
along their entire length and yielding of studs near the anchors. The
studs did not develop full flexural strength due to local buckling
and this impaired their potential contribution to the story shear
resistance. The studs’ contribution further decreased (about 15%)
due to anchor deformation which created a gap between the track
and the slab. The results showed that during the large amplitude
tests, the X-strap bracing showed very ductile, but highly pinched,
hysteretic behavior. The results of this study can be considered
conservative because the effect of non-structural gypsum board
cladding was not considered in the test.
Other researchers [16,18] have conducted monotonic and/or
cyclic tests on gravity designed CFS wall studs and have observed
failure mechanisms triggered by incorrect frame detailing to
support full yield capacity of the straps.
4. Experimental program
As mentioned, an experimental program was designed to
provide information on the failure modes of walls braced with
different types of strap braces and to study the effects of various
parameters on the vertical and lateral performance of cold-
formed steel (CFS) shear panels subjected to cyclic loads. While
conventional strap bracing and conventional connections to studs
and top track were used, the following effects were studied.
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Fig. 1. Cross-section of C-shape frame.
• the effect of vertical load on the lateral response,
• the effect of non-structural gypsum board on lateral perfor-
mance of a strap-braced wall system with and without vertical
load,
• the effect of double-sided bracing,
• the effect of doubling the chords.
The program consisted of 20 full-scale specimens to evaluate
the performance of five different strap-braced walls as shown in
Table 1. These walls, donated by Quickframe Technologies, were
tested in the Structural Engineering Laboratories of the University
of Queensland, in a specially-made testing rig.
All of the frame components, i.e. top and bottom tracks,
noggings and studs, were identical C channels of 90×36×0.55 as
shown in Fig. 1, connected together by one rivet at each flange. For
this section, and under axial loading, the half wavelength of local
buckling is less than 50mm, for distortional buckling is between 50
and 850mm, and for overall (flexural–torsional) buckling is greater
than 900 mm. In specimens using gypsum board as cladding,
two 10 mm thick sheets of 2400 × 1200 mm size were placed
horizontally and connected to one side of all frame members by
self-tapping screws at 150mm intervals. Each back-to-back double
section was constructed by connecting the web of two sections by
screws at 150 mm centers.
Bracing was implemented by means of 30 × 0.84 mm2 straps
connected to one or both sides of the frame. To prevent premature
tearing of the strap at the strap-to-frame connection or at the
location of the tension unit (tensioner device), a perforated strap
was used. A perforated strap is similar to a full strap but contains
selected pattern-punched holes along its length. When a strap
is connected to the CFS wall using screws at these pre-punched
hole positions, the net section failure of strap, which is often the
most probable mode of failure (for practical connection of strap to
CFS wall with minimum number of screws), would be prevented.
Straps were fixed to the wall panels by #10 10-16, self-tapping
screws. Sufficient screws were used to avoid failure at the strap-
to-wall connection (tearing of strap, or pull-out/pull-over of the
screws) and allow yielding of the strap.
4.1. Material properties
The mechanical properties of the materials were found by tests
performed at UQ labs and are provided in Table 2. For the G550
steel, the stress-strain curve did not exhibit a clear yield plateau,
and therefore it was found from 0.2% proof stress. The mechanical
properties given for perforated strap represent the properties of
the cross-section as a whole.
Fig. 2. Specimen type 0.
4.2. Specimen types
As shown in Table 1, five different bracing schemes were exam-
ined, as well as one un-braced wall clad with two horizontally-laid
gypsum boards on one side (Fig. 2).
The first strap-bracing scheme, denoted by Type I in Table 1,
is similar to the conventional bracing normal in Australian trade
practice. In this scheme, straps are screwed to top and bottom
tracks and to left and right studs as depicted in Fig. 3(a). As
straps are connected to the studs, the orientation of the stud’s
cross-section affects the lateral performance of walls as will be
explained in the following sections. Hence two possible different
arrangements of studs were examined, as is shown in Fig. 3(a) and
3(b), along with the gypsum board (Fig. 3(c)). These walls were
tested with and without vertical load.
The second scheme takes advantage of four brackets placed
at the four corners of the wall as shown in Fig. 4(a). As is seen
in the figure, in this system, the tension unit can be relocated
from the middle to between the bracket and the corner of the
frame. The strength, stiffness and ductility of this system depend
mostly on the brackets’ shape and size and to a lesser extent on the
chords. The effect of bracketmemberswas examined in the scheme
shown in Fig. 4(b), while the effect of chords was investigated
by the scheme depicted in Fig. 4(c). In the latter, the influence of
the presence of two side straps and concurrent vertical load were
investigated. In the scheme shown in Fig. 4(d), the effect of gypsum
board in conjunction with bracket members was studied.
The third scheme (Fig. 5(a)) investigates direct screw connec-
tion of straps to the four outer corners of thewall panel. The effects
of chords, vertical load and double side-strap bracing on the lateral
performance of this wall system were investigated by the scheme
shown in Fig. 5(b). A similar study was conducted for the connec-
tion of straps to the interior frame joints as shown in Fig. 6(a) and
(b). Based on the recommendations of the codes [1–4], in all of the
above bracing schemes, after the installation of strap bracing, one
tension unit (tensioner device) for each strap was placed about the
middle length of the strap and tightened. Measurements showed
that the tightening caused between 100 to 200micro-strains in the
straps. The tension unit, with this level of pre-tensioning, ensured
that strapswere loaded immediately after the racking loadwas ap-
plied, as it eliminated initial slackness.
Finally, for the sake of completeness, the lateral performance
of a wall panel strap-braced with gusset plates at four corners, as
shown in Fig. 7, was investigated. It is believed that this system
is not practical as it causes unevenness in the wall surface after
cladding due to the thickness of the gusset plate and the screw
head.
It is worth noting that all the specimens were designed based
on FEMA 450 [1] regulations mentioned in Section 2.1, apart from
Type I which represents a specific type currently used by the
industry.
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Table 1
Description of the tested walls
Types Shear wall scheme Specimen
number
Bracing type Framing and cladding Vertical
load (kN)
Number of tests
0 BA1 – One side Gypsum board – 1
I AC1 One side strap bracing connected to interior studs
and tracks
– – 1
AC2 One side strap bracing connected to new
arrangement of interior studs and tracks
– 1
AD1 One side strap bracing connected to interior studs
and tracks
– 17.8 1
AB1 One side strap bracing connected to interior studs
and tracks
One side Gypsum board – 1
AA1 One side strap bracing connected to interior studs
and tracks
One side Gypsum board 45.9 1
II CC1 One side strap bracing connected to brackets and
corners frame
– – 1
CC2 One side strap bracing connected to strong brackets
and corners frame
– – 1
CD1 Two sides strap bracing connected to strong brackets
and corners frame
Back-to-back double stud
at the cords
– 1
CD2 One side strap bracing connected to strong brackets
and corners frame
Back-to-back double stud
at the cords
29.6 1
CB1 One side strap bracing connected to strong brackets
and corners frame
One side Gypsum board – 1
III DA1 One side strap bracing connected to frame corners – – 1
DA2 One side strap bracing connected to frame corners Back-to-back double stud
at the cords
– 2
DA3 One side strap bracing connected to frame corners Back-to-back double stud
at the cords
29.6 1
DA4 Two sides strap bracing connected to frame corners Back-to-back double stud
at the cords
– 1
IV DB1 One side strap bracing connected to interior frame
corners
– – 1
DB3 One side strap bracing connected to interior frame
corners
Back-to-back double stud
at the left and right studs
29.6 1
DB4 Two side strap bracing connected to interior frame
corners
Back-to-back double stud
at the left and right studs
– 1
V EA1 Strap connected to frame corner with gusset plate – – 1
Table 2
Mechanical properties of the frame member and strap (mean value)
Member Nominal
grade (MPa)
Nominal
thickness (mm)
Base metal
thickness (mm)
Elastic
modulus (GPa)
Yield stress,
Fy (MPa)
Yield
strain (%)
Ultimate stress,
Fu (MPa)
Ultimate
strain (%)
Fu/Fy
Solid strap 300 0.85 0.844 248.86 320.64 0.7 391.04 21.9 1.22
Perforated
strap
250 0.85 0.844 121.74 244.15 0.5 272.53 3.26 1.12
Cold-formed
member
550 0.55 0.55 168.93 592.26 0.45 617.25 2.86 1.04
4.3. Connections
Top and bottom tracks, noggings and studs were all connected
by two rivets (one at each flange) at each intersection. Hence, awall
panel is essentially a mechanism. Strap-to-wall connection is very
important because both the strength and ductility of the system
depend on it. Four self-tapping screws were used to transfer the
tensile strap force to the panel by means of shear in the screws
(Fig. 5(b)). Possible modes of failure in screw connection could be
tearing (in either the strap or wall element), tilting and subsequent
pull-out of screws, pull-over of the strap, bearing failure of the
components joined together and failure of screws in shear [2]. To
prevent tilting and pull-out of screws, the head of the screw should
be in contact with the thinnermaterial, or in other words screwing
must be from thin to thick. This is not normally the case in the
strap-to-wall panel connection as it is very likely that the strap is
of the same thickness, or even thicker, than the steel of the wall
panel, and, as a result, tilting becomes a critical mode of failure.
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Fig. 3. Specimens type I.
Fig. 4. Specimens type II.
5. Test setup
The tests were performed at the Structural Engineering
Laboratory of the University of Queensland using an actuator.
Experimentswere conducted using a displacement control regime,
measuring the shear capacity of the wall at every load interval via
a load cell. The testing rig was set up to allow the application of
concurrent vertical load and lateral cyclic displacement (Fig. 8).
5.1. Testing rig and instrumentation
The configuration of the testing rig is shown in Fig. 8. Each
specimen was fixed to the base beam by means of five M16 high-
strength bolts in the vicinity of middle and chords, which were
tightened by a torque wrench to a torque of about 190 N m, that
is corresponding to about 53 kN tension in the bolt. Between a
bolt head and the base beam and a nut surface and the track, two
glossed 50× 50 mm2 washers were placed to increase the contact
surface and friction, and to reduce the slip possibility between
the bottom track and the base beam. A similar arrangement was
implemented to connect the top track to the loading beam, but
with three M16 bolts connected in the vicinity of chords and
middle stud.Moreover, to reduce the possibility of overturning and
to provide a proper load path from the strap to the wall supports,
four hold-down angles were placed near the top and bottom tracks
as shown in Fig. 8.
Displacement transducers were used tomeasure the horizontal
displacement of the top track (DH1 and DH2) and to measure
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Fig. 5. Specimens type III.
Fig. 6. Specimens type IV.
the amount of imposed displacement and slip between the top
track and the load beam. Two transducers were also installed at
the bottom track (DH3 and DH4) to measure the amount of slip
between the bottom track and the base beam. To evaluate the
amount of uplift, two transducers were placed at the bottom of
the chords. Also, three load cells were used to measure the racking
resistance (FH) and imposed vertical load (FV1 and FV2).
5.2. Loading protocol
Cyclic loading methodology followed Method B of ASTM
E2126-05 standard [14], which was originally developed for ISO
(International Organization for Standardization) standard 16670.
In the current study, the loading regime consisted of three full
cycles of 1.5, 3, 4.5, 6, 9, 12, 18, 24, 36, 42, 48, 54, 60, 66
and 72 mm, unless failure or a significant decrease in the load
resistance occurred earlier. The mentioned lateral amplitudes are
corresponding to 0.0625%, 0.125%, 0.1875%, 0.25%,.375%, 0.5%,
0.75%, 1.00%, 1.5%, 1.72%, 2%, 2.25%, 2.25%, 2.5%, 2.75% and 3.00%
of inter-story drift. Although the 75 mm, or 3.125%, inter-story
drift ratio was the maximum amplitude of our actuator, it was
considered adequate as the maximum allowable story drift ratio
specified by FEMA 450 is 2.5% [1]. The loading velocity was 3
min/cycle or about 0.8 mm/s which is close to the range of
acceptable rates of displacement 1–63 mm/s recommended by
ASTME2126-05. According to this standard, both loadingmethods,
constant cyclic frequency and constant rate of displacement are
acceptable.
It is worth noting that Method B of ASTM E 2126-05 [14]
stipulates that the amplitude of cyclic displacements has to be
selected based on fractions of monotonic ultimate displacement.
If it was to be used here, since each specimen has its own
ultimate displacement, the loading regimewould vary for different
specimen types. However, as set out earlier, one of the current
research objectives is the comparison of different types of
strap-braced walls. This would necessitate using identical cyclic
amplitudes for different walls, as represented earlier. Hence,
Method B is therefore used in this study with lateral amplitude
independent of monotonic testing.
For the specimens under concurrent vertical and horizontal
load, special care was exercised to maintain the vertical load
constant as the wall was loaded cyclically in the horizontal
direction.
6. Experimental results
The first test was devoted to evaluating the performance of the
wall panel with gypsum board without strap bracing (specimen
BA1). Because of the presence of hinged rivet connections, the wall
itself acts like amechanism and can barely resist any lateral load on
its own. As a result, the racking resistance of this wall can only be
attributed to the gypsum board on one side. The load–deflection
hysteretic cycles for this specimen are shown in Fig. 9(a) and
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Fig. 7. Specimens type V.
the maximum load (envelope) associated with the first cycles of
hysteretic loops in both of the positive and negative directions are
shown in Fig. 10.
The results show that one-side gypsum board carries about
2.8 kN racking load in a wide range of racking displacements, and
the drift relevant to ultimate resistance is −35 mm (−1.46%) and
57 mm (+2.38%). At around this value, the gypsum board at the
position of the chords’ fasteners (screws) started to fail from the
middle towards the top and bottom tracks, with more damage
at the upper gypsum board. At each displacement amplitude, the
racking resistance associated with the first cycle was significantly
higher than for the second and third cycles. The difference between
the ultimate displacement in positive and negative directions
confirms that the behavior of gypsum board is not reliable. After
the test, no damage was observed in the steel frame.
6.1. Specimens type I
Specimen type I represents the conventional trade practice in
Australia. This type does not meet the requirements of FEMA 450
and TI 809-07 codes, which prohibit connection of straps to top
and bottom tracks. In the first test of this series, specimen AC1
(Fig. 3(a)), along with one-side strap bracing was tested. In this
specimen, strap ends were connected to the end left and right
studs and tracks by sufficient numbers of screws. Results show that
failure is mostly concentrated in the left stud. The orientation of
this stud is such that the unsupported edges of its flanges are under
compressive stress due to the bending caused by the horizontal
component of the strap force. The right stud experiences similar
compressive stresses, but at the supported edges of its flanges
which are connected to the web element. The left stud flanges
buckle prematurely as a result, and the whole stud is a lot weaker.
The envelope of the first cycle of hysteretic loops is shown in
Fig. 10 for specimen AC1. At earlier stages of the test, distortional
buckling occurred at the bottom and top of the left stud and hence
most of the strap load transferred to the top and bottom tracks.
As a result, this phenomenon induced bending in the tracks and
caused a reduction in the lateral load resistance capacity of the
wall panel in the whole range of racking displacement. Moreover,
in the first cycle to −30 mm (−1.25%), the flange of the bottom
track tore at the location of the first screw of strap 2 of Fig. 8. This
caused a significant reduction in the load-carrying capacity. Strain
gauges installed on the straps showed no yielding in the straps
and low-level racking resistance of the system corroborated this
finding. Hysteretic loops showed severe pinching away from the
peak excursion. The wall stiffness and racking resistance was low
as a result in this range of drift.
Test specimenAC2 shown in Fig. 3(b),was the sameas specimen
AC1 but with a rotated stud on the left-hand side so that the two
bracing studs faced one another. The performance of this specimen
was similar to AC1, but with the difference that failure occurred in
the right studwhile the left stud remained almost intact. As shown
in Fig. 10, in the first cycle of lateral displacements to +42 mm
(+1.75%) and −54 mm (−2.25%) a remarkable decrease in the
lateral load resistance occurred, due to tearing and bending of
the bottom track in strap 1 of Fig. 8 connection, and tearing and
bending of the top track in strap 2 connection, along with severe
distortional buckling at the top of the right stud. Again, the strap
did not reach yield, and it was found that the arrangement of studs
(facing towards or away from each other) has no appreciable effect
on the overall lateral performance of this bracing scheme.
To investigate the effect of vertical load on the lateral load
resistance capacity, a wall panel (specimen AD1, Fig. 3(b)) similar
to panel AC2was tested under simultaneous application of vertical
and horizontal loads. The tests results are shown in Fig. 10. The
strap was selected so that the vertical projection of strap full
capacity (due to yielding and strain hardening of strap material)
Fig. 8. A diagram of the testing rig and notation convention.
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Fig. 9. Load–deflection hysteretic cycles for: (a) specimen BA1 (type 0), (b) specimen AA1 (type I), (c) specimen CD1 (type II), (d) specimen DB1 (type IV), and (e) specimen
EA1 (type V).
would be less than the vertical load capacity of a chord. The
constant vertical load was selected to be 80% of the actual ultimate
vertical load capacity of three bare studs supported only at their
ends and mid-height by tracks and noggings. This was found from
vertical load tests to be equal to 17.8 kN. The performance and
modes of failures of this specimen was more or less the same as
the previous specimen AC2 (same specimen with no vertical load),
even though at the start of the test, local buckling was evident in
all studs and chords due to initial vertical load.
To investigate the effect of gypsum board on lateral load resis-
tance capacity, specimen AB1 (Fig. 3(b)) was tested under condi-
tions similar to specimen AC1. The first cycle load–displacement
envelope plot is shown in Fig. 10. Results show that at+/−18mm
(0.75%) lateral displacement, the screws connecting gypsum board
to the panel started to tilt. At +/−42 mm (1.75%) displacement,
screws pulled over the gypsum board along the left chord, and by
the end of the test, all screws had pulled over the gypsum board.
Most of the decrease in the lateral load resistance capacity (Fig. 10)
was associated with local failure in the panel (bending in tracks
and bearing in stud-track connection) which is similar to the fail-
ure of test specimen AC1. As for the distortional buckling, most of
it occurred in the left stud but at the larger lateral displacement
which shows that the gypsum board postpones the onset of dis-
tortional buckling. This positive effect of gypsum board can be in-
ferred from Fig. 10, which shows that the total lateral resistance of
specimen AB1 is greater than the sum of the lateral resistances of
specimens AC1 (similar to specimen AB1 with no gypsum board)
and BA1 (frame with gypsum board and no strap bracing). Again,
the results of strain gauges show that the straps did not reach yield.
Another advantage of gypsum board can be recognized from hys-
teretic loops that are wider and exhibit slight slope in the curves
in the areas that are narrow and almost completely flat for wall
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Fig. 10. First cycle load–displacement envelope plots for specimens types 0 and I.
panels without gypsum board; i.e. areas that are away from the
peak excursion.
Finally the effect of vertical load in conjunction with gypsum
board was investigated by testing specimen AA1 (Fig. 3(c)). This
specimen is similar to the last specimen (AB1) but with a vertical
load equal to 45.9 kN, which is equal to 80% of the total vertical
load capacity of three studs supported with gypsum board on
one side, plus the difference between the vertical load capacity
of two chords with and without gypsum board on one side. The
load–deflection hysteretic curves for this specimen are shown in
Fig. 9(b) and the envelope curve associated with the first cycles
of hysteretic loops is shown in Fig. 10. These graphs show that
the specimen has very high shear resistance with very low-level
ductility as compared with the previous ones. Because gypsum
board is a highly brittle material with low tensile to compressive
strength ratio, the vertical load has enormous effect on its lateral
performance and causes the principal (maximum) tensile stress
in the gypsum board to reduce considerably (center of Mohr’s
circle goes toward the compression region). The gypsum board
then carries more shear force due to its compressive strength.
The maximum shear resistance occurred in a lateral displacement
equal to+/−9mm(0.375%). As expected, the high shear resistance
capacity of gypsum board presented itself only in a small range of
shear drifts so that after+/−12 mm (0.5%) racking displacement,
the lateral load resistance reduced considerably, due to invisible
crushing of the gypsum board. In contrast, in the second cycle
to +/−18 mm (0.75%) displacement, the load resistance capacity
reduced to half its maximum, and in the next drift amplitude,
i.e.+/−24mm(1%), the gypsumboard lost its strength completely
and the total load suddenly transferred to the straps, resulting
in distortional buckling of all studs and chords. Studs, especially
the right and left studs, separated from the gypsum board. The
test showed that reliance on gypsum board to carry lateral forces
is unwise and may result in a sudden failure, particularly in the
presence of vertical loads.
6.2. Specimens type II
Type II specimensweremodified versions of type 1, designed to
improve the racking resistance. The first specimen, CC1 as depicted
in Fig. 4(a), consisted of a wall panel with four single C section
bracket members of the same cross-section as the studs, at four
corners of the panel. One-side strap bracing was used and ends of
straps were connected to the brackets and the corner of the panel
with adequate screws to allow the full yield capacity of the strap
to be developed without any pull-out failure of the screws. The
envelope of hysteretic loops of the wall is shown in Fig. 11.
The system performed reasonably well and the straps reached
yield during the applied range of racking displacement. Although
no failure was seen in the positive direction, in−63 mm (−2.63%)
displacement, the bracket connected to the top track and right
chord buckled seriously, resulting in a significant loss of lateral
resistance. In addition, in both directions, bearing of frame corners
due to the weakness of chord members was observed.
The next specimen, CC2, shown in Fig. 4(b), was similar to CC1
but possessed much stronger brackets. Here a double back-to-
back stud section was used as the bracket. Again, strap ends were
connected to both brackets and panel corners. Asmore screw space
was available this time, heavier screwing was performed in order
not to take any risks with the connection failure. The results of
the test are shown in Fig. 11. The results show more stiffness, but
nevertheless a similar response to CC1. The higher stiffness is quite
evident at racking displacements less than +/−30 mm (1.25%).
Perfect performance with no failure was observed up to the end
of the test in addition to high level of yielding in the strapmaterial.
Specimen CD1 (Fig. 4(c)) was prepared to investigate the effect
of having double chord members (back-to-back) and the effect of
two-side strap bracing. Load–displacement hysteretic loops and
the associated envelope curve are shown in Fig. 9(c) and 11.
The results show that the performance of the wall is very good
with no failure anywhere in the panel to the end of the tested
racking displacement range. Also Fig. 9(c) shows that due to the
presence of the bracket member, the frame has some degree of
lateral load resistance beyond the peak excursion. The amount of
frame lateral load resistance can be calculated as the difference
between twice the lateral load capacity of wall panel CC2 (one-side
strap) and the lateral load capacity of wall panel CD1 (two-side
strap) of Fig. 11. This proves to be about 10% of the total lateral
load resistance of wall panel CC2. Two-side strap bracing mostly
expresses itself in a reduction of local and distortional buckling but
doesn’t seem to have a perceptible positive effect on the overall
lateral performance of the wall panel.
To investigate the effect of vertical load on the overall
performance of the wall panel, specimen CD2, Fig. 4(c), was
constructed completely similarly to specimen CD1, but with one-
side strap bracing and under 29.6 kN vertical load,which is equal to
80% of the vertical load capacity of five studs. At the start of the test,
due to the application of this vertical load, distortional buckling
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Fig. 11. First cycle load–displacement envelope plots for specimen type II.
was observed in all studs and to a lower extent in chord members
after racking displacement of+/−42mm (1.75%). The envelope of
the load–displacement curve for this specimen is shown in Fig. 11.
As is seen in this figure, the lateral load resistance of this wall panel
is similar to wall CC2 (which has a single chord member and no
vertical load), although this wall suffered from initial distortional
buckling of all studs and chords due to the presence of vertical load.
The effect of gypsum board on lateral load resistance capacity
of this type of specimens was investigated by wall panel CB1,
shown in Fig. 4(d), which has one-side gypsum board and another
side strap bracing, and its envelope load–displacement diagram is
shown in Fig. 11. This wall panel presents a very good response
throughout the test except for the pull-over of the upper gypsum
board during the final displacement amplitude (3% inter-story
drift). Similar to wall panel AB1, here again the lateral resistance is
higher than wall panel CC2 (one-side strap and no gypsum board)
and wall panel BA1 (one-side gypsum board only), especially at
larger displacements. In general, the hysteretic loops suggest that
the contribution of gypsum board and bracket members provide
a lateral stiffness and strength beyond the peak excursion. As
mentioned earlier, strap alone provides no contribution to the
stiffness or strength in this range of drift due to the slackness
caused by plastic displacements.
6.3. Specimens type III
In type III, straps were connected to the four exterior corners
of the frame. In the first wall panel, DA1, as shown in Fig. 5(a),
one-side strapping was used along with a single section chord
member. The load beam was connected to the top track only via
one bolt near the middle stud. The envelope of load–displacement
curve for this wall is shown in Fig. 12. The specimen lost its
lateral load resistance capacity completely in the first cycle of
+30 mm (+1.25%) and −38 mm (−1.58%) lateral displacement
due to distortional buckling of the left chord’s upper portion
and severe distortional buckling of the top track’s right portion
adjacent to the right chord. Lateral loads corresponding to the
above failures were +3.7 kN and −4.2 kN, respectively. Because
straps are at a 45◦ incline, the induced forces in the left chord
and in the top track, which caused them to buckle, were equal
to the lateral load resistance at the time of failure, yet both were
lower than the buckling capacity of a single stud extracted from
experimental tests (7.4 kN). The same situation existed for walls
AC1, AC2, AD1, CC1, and CC2, for which the forces induced in single
members (stud, chord, or tracks) were more than the frame lateral
load capacities, although no overall buckling occurred. The reason
is that for these wall panels, the top track is continuous at the
position of strap-chord connection whereas the strap connects to
chords in DA1 where the track is not continuous, leading to early
lateral–torsional buckling.
Another wall panel, denoted as DA2 (Fig. 5(b)), with two
back-to-back studs as chord members was tested. Straps were
connected to both of the back-to-back studs. The envelope of the
load–displacement curve for this specimen is shown in Fig. 12.
The performance of the wall was good up to the maximum lateral
displacement of +/−72 mm (3.0%), and the straps reached yield.
This testwas re-done and similar resultswere obtained.Wall panel
DA3 was then tested which was similar to DA2 with the only
difference being the presence of a concurrent vertical load equal
to 80% of the vertical capacity of five studs. The results are shown
in Fig. 12. Remarkably, the performance was very close to DA2,
meaning that the vertical load has no harmful effect on the lateral
performance of strap-braced walls when limited in value. The final
test of this series was on DA4 (Fig. 5(b)) which was similar to
DA2 but with two-side strap bracing. The lateral load resistance
behavior of this wall panel in comparison to twice the lateral
resistances of DA2 and DA3 is shown in Fig. 12. The performance of
this wall panel is considered very good, being capable of resisting
almost twice the lateral load of the wall panels with single brace
and being able to accommodate strap yield, although admittedly
it showed a lower stiffness especially in low to mid level lateral
deformations.
6.4. Specimens type IV
Type IV has braces similar to type III but they are at a steeper
angle, as shown in Fig. 6. In this frame type, left and right
chords are the interior studs to which straps are connected and
they are different from the end studs. For the first test (DB1),
left and right chords were selected from single (Fig. 6(a)). Also,
similar to specimen DA1, the top track was connected to the
load beam only by one bolt adjacent to the middle stud. The
hysteretic load–displacement of this specimen and its envelope
are shown in Figs. 9(d) and 13. Although the wall presented a
stable performance, amajor reduction in the lateral load resistance
occurred in the first cycle to +42 mm (+1.75%) and −60 mm
(−2.5%) displacement, because of the local-distortional buckling
in the upper portion of the left and right chords, although the
straps were mostly at yield as evidenced by strain gauges. The
wall showed a ductile responsewith a lower lateral load resistance
in comparison with walls DA1 and DA2. This is attributed to
higher slope of straps in the current wall. Although the entire
testing environment was identical to test DA1, no lateral torsional
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Fig. 12. First cycle load–displacement envelope plots for specimens types III.
Fig. 13. First cycle load–displacement envelope plots for specimens types IV and V.
buckling occurred, due to the effect of continuity of the track at the
location of the joint where the straps are connected.
To investigate the effect of double section in the left and right
chords and the effect of vertical load on these wall types, wall DB3
(Fig. 6(b)) was tested under 29.6 kN vertical load, which is equal
to the 80% of the vertical load capacity of five studs. The envelope
load–displacement curve is depicted in Fig. 13. Although all of the
studs and chords buckled distortionally under the vertical load
at the start of the test, the wall showed a perfect response with
no local failure or further buckling. Again, because of the larger
slope of the strap in this type, the maximum lateral load resistance
achieved in these specimenswas lower than for type III specimens.
For better comparison between the resistance of this wall panel
and otherwall panels, values of lateral resistance canbe adjusted to
take into account the difference between the slopes. The adjusted
envelope curve is shown in Fig. 13, where the adjustment factor of
AF = √5/2 is applied. The envelope curves show that the vertical
load did not have any adverse effect on the lateral performance of
the specimen, especially on stiffness and ductility, in spite of initial
distortional buckling in studs and chords at the start of the test due
to presence of the vertical load.
Finally, to investigate the response of two-side strap bracing,
wall panel DB4 of Fig. 6(b) was tested and its results are shown in
Fig. 13. Comparing this response with twice the racking resistance
of the wall panel DB3, the figure shows that the wall can provide
approximately twice the lateral resistance of one-side strap brace
but only at inter-story drifts larger than 2%.
6.5. Specimen type V
The last strap bracing type examined was through wall panel
EA1 (Fig. 7). In this system, a gusset plate is used to connect the
straps to the panel. While this type of connection seems most
rational, it is not practical due to unfavorable unevenness produced
in the gypsum board cladding by the gusset plate and screw head
thickness. Because of the ample room existing this time round for
the screws, it became possible to load a full strap to yield rather
than a perforated strap that yields at lower loads. A tensioner
device was not used in order to avoid creating a weak spot along
the length.
The hysteretic load–displacement curves for EA1 and its
envelope are shown in Figs. 9(e) and 13. Both graphs show a delay
in uptake of the lateral loads by the strap, due to the absence
of a tensioning unit. Fig. 9(e) also shows some degree of lateral
load resistance and energy dissipation beyond the peak excursion
because of the wall panel’s rigidity acquired by the presence of
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Fig. 14. First cycle load–displacement envelope for walls BA1 (type 0), AC1 and AB1 (type I), CC2 and CB1 (type II), DA2 (type III), DB1 (type IV) and EA1 (type V).
a gusset plate at the corners. The overall lateral performance of
the wall panel is very good, especially from the points of view of
stiffness and ductility. However, for lateral displacements larger
than 24 mm (1% inter-story drift), a local-distortional buckling
occurred at the upper and lower portions of the tensile chord
members near the gusset plate connections, possibly because
gusset plates imposed a rigid connection to the chord flanges
forcing compatibility of deformations. Although this buckling had
no effect on the lateral performance of the wall panel, it did not
allow the straps to elongate into the strain hardening range as was
evidenced by the strain gauges.
7. Discussion and comparison
The response of some of the aforementioned wall panels is
shown in Fig. 14. This graph shows that the response of strap type I
(AC1) is unacceptable. The benefit of non-structural gypsum board
cladding on the lateral performance of strap-braced wall panels
is evident in the response of walls AB1 and CB1, and can even be
seen in strap type I. However, the benefits aremostly on the lateral
resistance capacity and ductility, and the stiffness is not influenced
significantly.
Strap types II, III and V exhibit the best performance and are
fairly similar to each other, but type V (solid strap) provides
a stiffer response especially for small displacements. Also the
response of strap type IV is acceptable, although it is more flexible
in comparison with other types such as II, III and especially V,
and needs more lateral displacement to develop full plasticity in
the strap. Even when the response is adjusted for the inclination
angle, the system is less efficient than other system. Tests showed
that a high deformation and strength demand applies to wall
corners type III, but the systempresents a good lateral performance
provided that the chord members are double back-to-back studs
and tracks are strong enough to connect these two studs properly.
The envelope graphs show that most wall panels yield around
0.5% to 0.6% inter-story drift, which is close to the 0.5% stipulated
in TI 809-07 [2] as a conservative estimate of yielding deformation.
Only the brace type IV,which is not post-tensioned, required larger
displacements to yield.
It is worth noting that all wall panels were designed based
on FEMA 450 regulations and showed no failure in connections
or studs and chord members. TI 809-07 recommendations on
calculating a Psu seem to be too strict and over-conservative.
Possibly a better approach for design is one between FEMA450 and
TI 809-07; i.e. sizing the strap to resist the design lateral force by its
horizontal projection of design strength, and then design the rest of
the wall panel that supports the strap for the lesser of a maximum
probable yield capacity (on the total gross section) and amaximum
probable tensile capacity (on the net cross-section). These probable
values are higher than yield and tensile strengths andwill take into
account the reserve of strength due to strain hardening and the
additional strength above the tensile strength that may be present
in the material. Each new design approach needs to be verified
by numerical dynamic analysis calibrated with shaker table tests,
after having it laid out based on cyclic tests.
8. Conclusion and recommendations
The following conclusions can be made from the findings:
1. Specimens BA1 and AA1 showed that reliance on gypsum
board cladding alone is not a good idea, especially in the presence
of a compressive vertical load. This is despite the fact that gypsum
board helps in improving the racking resistance of wall panels
to some extent and delays the distortional buckling of studs and
chord members, as was seen in the testing of specimens AB1
and CB1. These tests showed that a strap-braced wall panel clad
with gypsum board possesses a lateral load resistance capacity
higher than the strap-braced wall and gypsum board clad wall put
together, especially in large lateral displacements (ofmore than 1%
inter-story drift) because the gypsum board postpones local and
distortional buckling of studs and the chords’ flanges.
Also, hysteretic loops of the aforementioned wall panels show
that gypsum board provides a low level but nevertheless desirable
lateral resistance and stiffness at displacement ranges that are
away from the peak excursion.Whenwall panels cladwith gypsum
board are being tested for racking in the presence of an axial load,
care must be taken not to rely on the strength values obtained, as
these values only represent high level racking caused by increased
stiffness of the gypsum board (due to membrane action of the
board under the vertical load) and only exist in a narrowdrift range
prior to a sudden brittle failure. In general, it is more conservative
not to include gypsum boards in any tests or lateral resistance
calculations. The added lateral support they provide works as a
bonus safety factor and to increase peace of mind.
2. Strap bracing type I, which is the conventional bracing
type currently in practice, rendered unacceptable results. The
main reason for its unsatisfactory performance is attributed to
premature distortional buckling of the left and right stud at earlier
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stages of the racking displacement, which causes most of the strap
load to be transferred to track, bending it significantly. This causes
tilting of screws which is often followed by tearing of the track
or pull-out of screws from the track. After this, the strap load is
transferred to the stud and a similar problem as happened to the
track happens to the stud. As a result, straps do not reach yield. The
observed failure highlights the importance of the FEMA 450 and TI
809-07 provisionswhich necessitate that shear resistance shall not
provided by inducing bending in tracks.
3. If the chord members are selected so that each chord can
carry the strap’s full resistance capacity (due to yielding and strain
hardening of the strap material), the existence of a concurrent
vertical load up to 80% of actual vertical load capacity of the
remaining studs has no adverse effect on the lateral load resistance
of the wall panel, as confirmed by specimens AD1 and CD2,
DA3 and DB3. Although, this heavy vertical load causes some
distortional buckling in all studs (even from the beginning of the
tests)which even propagates to the chords at lateral displacements
larger than 1.5% inter-story drift, it has no perceptible influence on
the overall lateral performance of the wall.
4. Adding brackets at four corners of thewall panel improves the
lateral performance (strength, stiffness and ductility) of the wall
panel considerably, evenwhen only a single stud is used as a chord
member. In this system, the straps reach yield after a few cycles at
low inter-story drifts. The performance is affected by the stiffness
and strength of the brackets. Besides supporting the chords and
the tracks against buckling (by reducing the buckling length of the
members) and providing more room for the insertion of screws in
the strap-bracket connection, one great advantage of this system
is the removal of the tension unit from the main load transfer
path, as it can be placed between the bracket and the corner of
the wall panel and tensioned prior to screwing the strap to the
brackets. The system prevents strap tearing at the location of the
tension unit. Another advantage of the system is the remarkable
increase it provides in the lateral resistance of the wall panel
alone because of the indeterminacies created through the use of
brackets at the corner. The wall panel is no longer a mechanism
with zero lateral resistance; rather it is an indeterminate frame in
which lateral displacements engage the bending resistance of its
members. Furthermore, in this type of construction, strap load is
transmitted to both the bracket and the panel corners, and as a
result, the probability of strap connection failure (tearing of strap)
and stud-to-track joint bearing are reduced significantly.
5. The results for specimens CD1, DA4 and DB4 show that
double-side bracing does not offer a great deal of advantage over
single-side bracing when a wall panel is designed to allow straps
to develop their full plastic capacity. While theoretically, it is only
natural to believe that a double-side brace system is more than
twice as strong as a single one, results of the tests prove that it is
just about twice as strong. The advantages that symmetry brings,
such as prevention of some of the out-of-plane twistswhich in turn
postpone the onset of some of the local and distortional buckling
modes, seem not to be important especially in the presence of
gypsum boards. Meanwhile, in contrast with a recommendation
made in Reference [9], this study does not confirm the need to take
into account the eccentricity of one-side straps in the design. Also
in all cases, although two-side strap bracing has a lateral resistance
close to twice one-side strap bracing, it has a considerably lower
stiffness especially in inter-story drifts lower than 1.5%.
6. Although gusset plates provide enough room for connecting
straps to the panel (eliminating the possibility of strap-to-
panel connection failure), and present a good performance with
sufficient ductility and stiffness, they are manually too labor
intensive, their added thicknessmay cause aesthetic problems due
to unevenness of the covering plasterboard, and weakness at the
position of the tension unit hole remains a problem.
7. Using double section chords offers a lot of advantages, such as
strengthening of the track-to-stud joints under bearing failure and
providing more room for the insertion of screws that connect the
strap to the wall panel. In addition, this use simplifies the design
process as the designer can separate the gravitational vertical load
from lateral loads by assigning the capacity of two studs to support
the vertical projection of the strap’s full capacity and the remaining
five studs to support the gravitational vertical load.
8. Providing an appropriate load path for transferring the
strap load to the supports is vital for preventing stud-to-track
connection failure. Only TI 809-07 [2] highlighted this very
important requirement clearly, but its requirement seems too
stringent. Our tests showed that providing one angle plate at each
chord-to-track connection, which is connected to the chord’s web
and the support by screws and bolts, respectively, is sufficient to
transfer the strap load to the support with no bending in the track
or track-to-chord failure.
9. For all walls of types II, III, IV and V, strain gauges showed
significant plastic deformations in the strap. Also, in contrast with
Fulop and Dubina [16] who reported a continuous descent in the
total shear resistance of the system after the peak at about 1%
inter-story drift, all walls in this study showed an ascending load
bearing capacity after yield in 0.5% to 0.6% drift ratio. The reason
is attributed to the incompetent corners used by Fulop and Dubina
which resulted in local failure at the corners of their wall panels
rather than the desired strap yielding. This again highlights the
importance of having a proper arrangement for the load path from
the strap to the base which does not impose any bending in the
tracks.
10. Strap-braced walls without gypsum board or bracket
members present severe pinching in their hysteretic loops due to
plastic slack of strap braces and lack of redundancies. The energy
absorption capacity therefore is not satisfactory and cyclic loads
may present an additional impact due to the straps’ slack. This
may trigger brittle connection failure or damage to non-structural
elements. The use of brackets is therefore recommended at the
corner of the wall panels. Brackets eliminate the tension unit from
the load path and bring about some redundancies to the system,
coupling the bending of the members of the wall panel with the
axial deformation of the strap.
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